Since certain functions mediated by nitric oxide (NO) decline with age, the age dependence of NO production by macrophages from BALB/c mice was investigated. Lipopolysaccharide-, peptidoglycan-polysaccharide-, or interferon-g-stimulated splenic and peritoneal macrophages from young (1 month old), middle-aged (4-5 months old), and old (6-20 months old) BALB/c mice showed a progressive and marked decline in NO production. This age-related decline in inducible NO extended to C57/BL6 and CB6F1 mice. mRNA for inducible NO synthase (iNOS), the enzyme responsible for inducible NO production by macrophages, also declined with age. Importantly, the reduced NO production by macrophages from old mice could be up-regulated by pretreating the mice with either cholera toxin or concanavalin A. These findings indicate that reduced production of NO by murine macrophages correlates directly with advancing age, likely due to deficient signals or signal transduction responsible for iNOS mRNA and protein generation. 5 /200 mL) were allowed to adis associated with altered iNOS gene transcription, and whether here to the wells, after which the nonadherent cells were removed a decline in NO could be reversed by immunomodulation.
the same environmental conditions for the duration of the experitransmission, and certain immunologic and host defense reacment. At the time the animals were sacrificed, there was no evitions [1] . The synthesis of NO is accomplished by constitutive dence of infection or neoplasm. To investigate the effect of in vivo and inducible isoforms of nitric oxide synthase (NOS), which immunomodulation on the production of NO by macrophages from catalyze the oxidative removal of the terminal guanidino nitroold mice, 20-month-old BALB/c mice were administered a single gen of L-arginine to form NO and citrulline [2] . Whereas constiintraperitoneal injection of either cholera toxin (10 mg; List Biologtutive NOS in endothelial cells and neurons promotes the conical Laboratories, Campbell, CA), concanavalin A (50 mg, ConA; tinuous production of small amounts of NO for vasodilation Sigma, St. Louis), or PBS (Mediatech, Herndon, VA) 3 days prior and neurotransmission, inducible NOS (iNOS) is produced by to harvesting the peritoneal macrophages.
Cells. Peritoneal cavity or spleen cells were isolated from 3-stimulated cells, including macrophages, which results in the 5 mice for each age group by standard techniques, pooled, and generation of potentially cytotoxic amounts of NO [3] . In the suspended in RPMI 1640 (GIBCO BRL, Gaithersburg, MD) supmouse, NO has been implicated in macrophage antimicrobial plemented with gentamicin (50 mg/mL; Mediatech), glutamine (2 cytotoxicity for a variety of microorganisms, including bactemM; Mediatech), and L-arginine (100 mM; Sigma). The cells were rial, parasitic, fungal, and viral pathogens [4] [5] [6] and tumor added to 96-well plates (Costar, Cambridge, MA), adjusting the cells [7] . Since the prevalence of such infections and certain concentration to accommodate the percentage of macrophages in tumors increases with age [8] , we investigated whether NO the cavity or tissue; that is, Ç10% of spleen cells were macroproduction declines with advancing age, whether this decline phages. The macrophages (2 1 10 5 /200 mL) were allowed to adis associated with altered iNOS gene transcription, and whether here to the wells, after which the nonadherent cells were removed a decline in NO could be reversed by immunomodulation.
by washing. The macrophages were cultured for 48 h in the presence of a bacterial product, either peptidoglycan-polysaccharide ( plate, the photoabsorbance of a row of control wells containing only values was determined by Student's t test. [3] , and the density of the bands was evaluated by densitometry.
Results
NO production by splenic macrophages from BALB/c mice of various ages. Equivalent numbers of adherent spleen cells from young (1 month old), middle-aged (4.5 months old), and old (8 months old) BALB/c mice were cultured for 48 h, and the supernatants were assayed for NO 2 0 . As shown in figure  1A , LPS-stimulated splenic macrophages from young mice produced 2-fold more NO 2 0 than did macrophages from middle-aged mice (14.4 { 4.0 vs. 7.8 { 2.0 nmol/10 6 cells; P õ .001), and the latter produced 2-fold more NO 2 0 than did macrophages from old mice (7.8 { 2.0 vs. 3.6 { 1.3 nmol/ 10 6 cells; P õ .001). When stimulated with PGPS, splenic macrophages from the same young mice produced substantially more NO 2 0 than did macrophages from middle-aged mice (13.4 { 2.8 vs. 8.0 { 1.1 nmol/10 6 cells; P õ .001). Consistent with the age-dependent decrease in NO production triggered by LPS, the PGPS-stimulated cells from the oldest mice produced the lowest level of NO, which, compared with macrophages from middle-aged mice, was 2-fold less (8.0 { 1.1 vs 4.0 { 0.8 nmol/10 6 cells; P Å .002). Unstimulated macrophages from mice of each age group released equivalent low levels of NO 2 0 (õ2.2 nmol/10 6 cells). phages from BALB/c mice, peritoneal macrophages from C57BL/6 and CB6F1 mice were incubated in absence or presence of LPS (5 mg/mL) for 48 h, and culture supernatants were assayed for young (£2 months old) C57BL/6 mice showed a 4-fold higher 2.3 { 1.0 nmol/10 6 cells; P õ .001) ( figure 1B ). In addition, peritoneal macrophages from young (2 months old) versus old (15 months old) CB6F1 mice produced 6-fold more inducible mice (4.1 { 2.7 vs. 1.2 { 0.8 nmol/10 6 cells; P Å .001) NO 2 0 (15.7 { 1.7 vs. 3.2 { 1.3 nmol/10 6 cells; P õ .001) corresponded to higher levels of expression of iNOS mRNA (figure 1B). The levels of NO 2 0 production by stimulated periin peritoneal macrophages from young versus old mice of the toneal macrophages from old mice of both strains was similar same strain ( figure 2A, right) . Comparison of the densitometric to that of unstimulated macrophages.
values for iNOS and GAPDH (a constitutively expressed conNorthern blot analysis of iNOS in mouse macrophages.
trol gene) mRNA showed that LPS-stimulated peritoneal macMacrophages from BALB/c mice of increasing age were anarophages from young animals expressed Ç6-fold more iNOSlyzed for NO production and iNOS mRNA expression. As specific mRNA than did such cells from old animals. Thus, shown in figure 2A (left) , the larger amount of inducible NO 2 0 the reduction in macrophage production of NO occurred in produced by peritoneal macrophages from young mice compared with that produced by peritoneal macrophages from old parallel with a reduction in the expression of iNOS mRNA. Immunomodulation of NO production by peritoneal macroa previous observation by Ding et al. [10] that a decline in IFN-g-stimulated macrophage production of reactive oxygen phages from old BALB/c mice. Since stimulated NO 2 0 proand nitrogen intermediates occurs with increasing age. The duction by splenic and peritoneal macrophages from old age-dependent NO production occurs not only in response to BALB/c, C57BL/6, and CB6F1 mice was significantly reduced cytokines but, as we show, in response to bacterial products compared with that of macrophages from young animals, we as well. This diminished host defense mechanism is not reinvestigated whether NO production by macrophages from old stricted to peritoneal cells or specific mouse strains, suggesting mice could be enhanced. As shown in figure 2B , macrophages that the effect of age on macrophage NO production may be from old (20 months old) BALB/c mice that had received only a common feature of mononuclear phagocytes. Furthermore, PBS intraperitoneally did not produce increased amounts of the decline in macrophage iNOS mRNA expression with ad-NO 2 0 in response to either LPS, PGPS, or IFN-g. However, vancing age suggests that the mechanism of the reduction in macrophages from old animals that had received cholera toxin NO is due, at least in part, to reduced iNOS gene expression. or ConA 3 days prior to harvesting showed a marked (10-to That the marked reduction in the production of NO by mac-40-fold) increase in LPS-, PGPS-, or IFN-g-stimulated NO 2 0 rophages isolated from mice of advanced age could be overproduction (P õ .001 for each stimulus). Thus, cholera toxin come by priming the animals in vivo with either cholera toxin and ConA appeared to prime peritoneal macrophages from old or ConA suggests that defective signals or signaling pathways mice for enhanced production of inducible NO. may contribute to declining responsiveness for NO production. Alternatively, reduced NO production by macrophages from Discussion aged mice in response to LPS or PGPS or both might also be This study shows that the stimulated production of NO by caused, in part, by macrophage anergy due to repeated interactions with bacterial products during the animal's lifetime [11] . murine macrophages is age-dependent. This finding supports
